cancerous breast tissues. The change in stiffness can be directly linked to cancer progression [2] , [3] . The mechanical property that is known to be linked to the tumor formation is due to the modified structure of extracellular matrix proteins which are found near breast cancer cells [4] [5] [6] [7] [8] [9] [10] . Based on several studies using atomic force microscopy (AFM) and microsensors, it is known that the stiffness of the epithelial and stromal layer in cancerous tissue significantly differs from the normal breast tissue [3] , [11] . An important current area of cancer research is to study the ETM properties of the breast tissue simultaneously and provide more accurate diagnostic information about the breast cancer. In addition, interest also lies in developing a portable device for quick and accurate analysis of the breast cancer. However, no significant effort has been made toward the development of a portable device that is capable of measuring ETM properties of the breast tissue simultaneously.
Microelectromechanical systems (MEMS) consist of electrical and mechanical components ranging from few micrometers to few hundred micrometers. MEMS-based devices are broadly classified as actuators or sensors. MEMS-based sensors and flexible devices have been used in biomedical application [12] [13] [14] [15] [16] [17] [18] , and recently, few groups used MEMS-based sensors to study the mechanical property of the breast tissue and cells as it has the capability of analyzing and palpating the biological materials at microscale and nanoscale [2] , [3] , [19] . The possibility of incorporating MEMS into portable lab-on-a-chip devices makes the MEMS-based sensor a potential candidate for a portable diagnostic device. Since MEMS dice interfaces with the environment for sensing, actuating, and interconnection, MEMS packaging needs extra care [20] [21] [22] . The packaging of MEMS is application specific and should not only be economical but also provide ease of replacing biochips/integrated circuits/MEMS-based device [22] . In the present work, the tool is designed in a way to have press-fit contacts for taking out electrical connection from the biochip for analyzing the data. This design overcomes the challenges of soldering or wire bonding at a small scale and makes the device portable. Through the design of this platform, we can achieve a reliable mechanical and electrical contact from the biochip or MEMS to the external circuitry for data collection and analysis, along with a built in digital display. For each tissue measurement, a new biochip needs to be used so as to avoid any cross contamination (blood or tissue specimens left behind from previous measurements). In our present design, each 4-in silicon wafer can yield 12 biochips. The number of biochips fabricated per wafer can be increased by using silicon wafer of larger diameter to increase the throughput in a single microfabrication batch process. In this work, the electrothermomechanical properties of breast tissue sample from normal and cancerous regions are measured. To the best of our knowledge, we are the first group to design and fabricate portable cancer diagnostic tool integrated with multifunctional sensors for cancer diagnostic studies such as the one described in this paper, namely the simultaneous measurement of electrical, mechanical, and thermal properties of tissues. The schematic diagram and the process flow for biochip fabrication are shown in Fig. 1 .
II. MATERIALS AND METHODS

A. Sensor Fabrication
The biochip integrated with microheater and piezoresistive sensor array is fabricated on oxidized silicon substrate using a seven-mask process. The sensor array covers 2000 μm × 2000 μm area, while the complete device is 10 mm in diameter. The fabrication process is as follows [see Fig. 1(b) ]: 1) a 4-in (1 0 0) orientation silicon (Si) wafer (500 μm thick) is used as a substrate. 2) 1-μm silicon dioxide (SiO 2 ) is grown using thermal evaporation. 3) A microheater is fabricated on oxidized silicon substrate by patterning sputtered deposited nichrome (NiCr) (0.3 μm thick). 4) SiO 2 (0.5 μm) is deposited using plasma enhanced chemical vapor deposition (PECVD) over microheater. SiO 2 is etched from the contact area of the microheater and Cr/Au (0.02 μm/0.5 μm) is deposited using e-beam evaporation and patterned to form interdigitated electrodes. 5) Germanium (1.5 μm) is deposited over Cr/Au electrodes using e-beam evaporation and patterned using lift-off technique to form sensing layer. SiO 2 (1.8 μm) is deposited using PECVD over the sensing layer and etched from the contact pads. Cr/Au (0.02 μm/0.5 μm) film is deposited and patterned to form the contact pad for the electrical connection to the tissue. 6) SU-8 pillars (750-μm diameter and 100-μm height) are patterned over this contact pad and coated with metal to make them electrically conductive. These pillars serve a dual purpose: a) they act as the force transmitters to the breast tissue during tissue indentation and b) they are electrically conductive electrodes (E2). 7) Front-toback alignment is used to open the window from the backside of silicon wafer and SiO 2 layer is etched followed by silicon etching (350 μm) to form 150-μm diaphragm. The fabricated biochip is realized by dicing it from silicon wafer using a dicing saw from MicroAutomation. Fig. 2 shows the dimensions of the elements used in fabricating the biochip.
The SEM images of microheater, interdigitated electrodes, sensing layer, gold electrode for electrical contact, SU-8 pillars over gold electrode, and diaphragm is shown in Fig. 3(a) -(e). 
B. Breast Tissue Preparation
Invasive ductal carcinoma (IDC) and normal tissue blocks are selected from cancer tissue bank in Biospecimen Repository Service at Rutgers Cancer Institute of New Jersey. Guided by a hematoxylin and eosin (H&E) stained tissue section, the technician carefully extracted each tissue cylinder by inserting a needle with 2-mm inner diameter into the selected region of the tissue block using a Manual Tissue Arrayer (Beecher Instruments). The tissue cylinders, which are visually confirmed to contain enough length of embedded tissue, are placed into color-coded Eppendorf tube and deparaffinized (xylene 5 min × 3, 100% alcohol 5 min × 3, 95% alcohol 5 min × 1, 75% alcohol 3 min × 1, keep in PBS) before the experiment. Compared to our previous work [23] , [24] , the tissue specimens used in this study are larger in size (2-mm diameter and 3-3.8-mm thickness). The reasons for using larger tissues are: 1) to make it a possible candidate for diagnostic device since larger sampling area helps in reducing the potential repetition of sampling needed for generating reliable results, 2) larger tissue sample facilitates the use of multiple sensors simultaneously, 3) although AFM measurements on tissue specimens often displayed variation over even a small sampling area on the surface of the specimen [3] , [16] , our experimental data on piezoresistive assessment of tissue sample had been relatively stable, both over the small spatial area and across specimens of same disease group [23] . Therefore, we considered it is appropriate to increase the sampling distance between the sensors while maintaining signal sensitivity, and 4) having larger tissue specimen may better mimic the scenario of detecting tumor or tumor margin on the surgical surface. Fig. 4(a) shows the schematic diagram of the breast tissue core preparation, while Fig. 4(b) and (c) shows the photographs of the paraffinized and deparaffinized breast tissue cores, respectively.
The scanning electron microscopy (SEM) images of the normal and IDC breast tissue are shown in Fig. 5 . Fig. 5(a) and (b) shows top view and magnified view of the surface of normal and IDC tissue, respectively. The tumor specimen appeared rough and coarse, whereas normal tissue displayed a refined and delicate structure. Fig. 5(c) and (d) shows the H&E images of normal and IDC breast tissue cores. We digitized tissue sections from the FFPE blocks before and after extracting the experimental piece to closely monitor tissue histology on the exact tissue pieces that were examined to include only the most typical histology to represent the disease group where the actual location of sampling is highlighted in yellow. The normal specimen captured a typical terminal ductal lobular unit, which is the basic functional and histological unit of the breast. A segment of terminal duct was shown to branch and form organized clusters of small ductules, where each cluster was called a lobule. The ductules displayed a typical two-layered structure with myothelial cells as the outer layer. Intralobule connective tissue and interlobule connective tissue are also captured in this specimen. The tumor specimen contained large groups of infiltrating tumor cells separated by thin layers of desmoplastic connective tissue and lymphocytes. The breast tumor cells lost the normal structure and displayed mitotic figures. Fig. 6(a) shows the schematic diagram of a portable cancer diagnosis tool. The tool consists of an MP-285 micromanipulator attached with an indenter and a disposable sensor module integrated with the biochip for measuring ETM properties of the breast tissue. Fig. 6(b) shows the blown-up schematic diagram of the disposable sensor module. The system is a combination of microfabrication technology, 3-D printing technology, reliable packaging, and multifunctional tissue characterization techniques. The sensor module consists of a room for placing tissue sample, a biochip, and connecting pins facilitating the incorporation of the biochip output to the data acquisition card. The tissue sample is placed in the cylindrical space inside the sensor module. The indenter connected to MP-285 micromanipulator also works as an electrically conducting electrode (E1) when it comes in contact with the tissue. A temperature sensor is attached to the end of the indenter to measure the temperature at the top surface of the tissue. With the assumption that the sample tissues are regarded as uniform structures, the measured temperature values are converted to thermal conductivity using 
C. Experimental Setup
q = kAΔT L t(1)
III. RESULTS AND DISCUSSION
To measure the electrical conductivity of the tissue, a constant voltage is applied between the top electrode (E1) and the bottom electrode (E2) on the sensor chip. The electrical path is complete when the electrode E1 touches the tissue sample and current passes through the top electrode E1 through the tissue to the bottom electrode E2. The output voltage from the voltage divider varies with respect to the resistivity of the tissue, which correspondingly depends on the type of the tissue [normal or cancerous (IDC)]. From the SEM image, we observed that the normal tissues show a smooth topography compared to cancerous tissues, which show ruptured structures [8] . We hypothesize that: 1) when the current passes through the tissue, the resistance fluctuates depending on the composition of the tissue; and 2) the cancerous tissues being coarse in nature provides a higher resistance path for current to flow compared to smooth structures of the normal tissues. Fig. 7 shows the electrical resistivity plot of the breast tissues (three normal and three IDC).
Cancerous tissue (IDC) shows higher resistivity during indentation compared to normal tissue. The resistivity values obtained from both tissue cores agree with the resistivity of human breast tissues which ranges from 149-463 Ω · cm [25] . Breast tissues can be categorized as gland tissue, connective tissue, and subcutaneous fatty tissue according to the morphology of the breast. It is known that there is a significant difference in electrical resistivity among them (for example, fatty tissue has a couple of times higher electrical resistivity than gland tissue). The range (149-463 Ω · cm) includes the results from all kind of breast tissues. Since breast cancer is detected in gland tissue most frequently, we used gland tissue in the experiment. Therefore, it should vary within smaller range than entire range of resistivity. Of course, narrowing down the range does not guarantee successful differentiation. The literature about electrical resistivity of cancerous breast tissue shows statistical difference between normal and cancer tissue groups instead of suggesting a specific threshold due to overlapping data.
A number of related experiments in the literature show higher resistivity of breast cancer tissue compared to normal mammary glands or normal cases. Morimoto et al. [26] reported the resistance value of breast tissues as 1445 ± 586 Ω for cancerous tissue (n = 31) and 780 ± 148 Ω for normal tissue. Massalska et al. [27] also reported that cancerous breast tissue [684.06 ± 15.83 Ω (n = 34)] showed higher resistance value than normal breast tissue [580.42 ± 12.71 Ω (n = 34)]. Jossinet [28] showed that the electrical resistance of cancerous breast tissue (n = 23) is higher than mammary gland (n = 28) normal breast tissue. This observation is confirmed by our previous study as well [24] . We believe our localized measurements were related to the disturbance in tissue structure and loss of intercellular junctions between cancer cells. Though our experiments had limited number of samples, we were able to find the result consistent with the earlier studies. To measure the mechanical properties of the tissue, the tissue placed inside the sensor module is pressed on the SU-8 pillars using an indenter. These pillars are used to transfer the force to the sensing layer. The output signal from the sensor array depends on the magnitude of force sensed. The amount of force sensed by the sensor depends on the elasticity of the tissue. Thus, the change in signal from the sensor corresponds to the elasticity of the tissue. Fig. 8(a) shows the calibration result with the commercial load cell (MDB-2.5, Transducer Techniques, USA). The change in resistance values of the sensing layer are measured by the voltage divider. On applying the compressive load normal to the sensor, the output voltage changes linearly with R 2 -value of 0.9830. Fig. 8(b) shows the compressive force measured during the tissue indentation experiment with 100-μm/s indentation speed. It is known that resistance of p-type piezoresistive material decreases when compression force is applied on it [29] - [30] . The fabricated sensor is connected in the voltage divider circuit. As resistance of the sensor decreases due to the applied compressional force, the output voltage from the voltage divider also decreases. The difference between normal and IDC tissues is small for indentations up to 200 μm; however, the difference gets larger on indenting the tissue above 200 μm. This trend corresponds with the published result [25] , [31] , which shows that the difference in the elasticity values between normal and cancerous breast tissues is higher for larger values of the strains compared to the smaller strain values. Cancerous tissue shows higher elasticity value, since it contains harder inclusion. At small strain, viscoelastic characteristics of biological tissue hide the effect of inclusion (i.e., tissue can be deformed slightly with very small reaction force whether it contains harder inclusion or not). Based on our experiment, the optimal indention depth is around 400 μm, which is the point that gives maximum value from the objective function:
where D E and D R is the difference of mean elasticity [kPa] and mean resistivity [Ω·cm] between the two groups, respectively. To measure the response of the microheater, a dc voltage from 0-1.8 V with increment of 0.2-V step is applied and the temperature is measured. The steady-state values of the temperature at each voltage are measured and plotted [see Fig. 9(a) ]. The best fit R 2 -value obtained is 0.9966. It is observed that the difference between the surface temperature of the tissue and the measured temperature at the top of the tissue is very small [see Fig. 9(a) ]. In order to understand the plot more clearly, the measured temperature values from the top surface of the tissue are converted to thermal conductivity values as shown in Fig. 9(b) .
The breast tissue placed on the biochip is heated from 25 to 50
• C with 5 • C step increment using the integrated microheater and the thermal conductivity of the normal and IDC tissues is measured using heat conduction equation [using (1) ]. The thermal conductivity of normal and IDC breast tissues is plotted by measuring the temperature at the top end of tissue using the thermistor placed on the indenter [see Fig. 9(b) ]. We conducted the two-sample t-test for the thermal conductivity data of normal and IDC groups to analyze data statistically. Apart from the first temperature range (20) (21) (22) (23) (24) (25) • C), rest of the data falls within p-value of 0.05. The p-value for the entire dataset was calculated as 0.000027, which shows statistically significant difference in thermal conductivity between normal and cancer tissue groups. This implies that the thermal conductivity of breast tissue can be used as a biomarker to differentiate normal tissue from cancerous breast tissue, once we have enough number of measurement points. In the case of cancerous tissue, the thermal conductivity of the tissue increases with increase in temperature, while in normal tissues, the change in the thermal conductivity does not show a particular trend. However, from the t-test, it is observed that the thermal conductivity values obtained are statistically different.
The device fabricated for the present study uses 4-in silicon wafer with the combination of microtechnology and low-cost rapid prototyping. The estimated cost of the device including microfabrication, additive manufacturing, testing, and evaluation would be around 500 USD. However, the cost can be reduced by fabricating biochips on 12-in silicon wafer presently used in industry instead of using 4-in wafer.
IV. CONCLUSION
The novelty of this work is the design and fabrication of a complete system for measurement of multiple tissue parameters, which can potentially provide a deterministic and quantitative information of the tissue characteristics, including mechanical, electrical, and thermal characteristic of the normal tissue, as well as the onset and disease progression of the tissue. This device for cancer diagnosis comprises of a disposable singleuse components as well as a base platform, which can be used in several studies. In the present work, we use a micromanipulator for microscale indentation of the tissue placed on the base of the biochip. The device shown in the present work could delineate the normal and diseased (IDC) breast tissues by measuring the electrothermomechanical changes in the tissue sample. In our future work, large number of samples would be investigated using this tool. Our focus is on building a portable automated device which can serve as an indicator to measure the false positive or negative in breast cancer and help the physician to determine the stage of cancer.
